processing of complex visual patterns, expertise, and decision making. It is hoped that research in this area will follow in the footsteps of the research on eyewitness testimony and face recognition, which has provided a better understanding of memory and facial information processing and has influenced and motivated reform in policing and the criminal justice system.
Criminal Case Studies
An analysis of publicly exposed cases of fingerprint misidentification showed that cognitive bias probably contributed to such errors (Cole, 2005) . One reason for this conclusion was that more than half of the errors, rather than being exposed through reanalysis by a second expert, had been corroborated by additional analysts, sometimes as many as three. One possible explanation for this finding is that the "verifying" examiners might have been biased by the awareness of their colleague's conclusion. Even more suggestive, however, were four cases (18% of the total cases examined) in which even experts hired by the defense had corroborated what was later determined to be an erroneous identification. This suggests that cognitive bias was more powerful than the combination of the actual data and whatever motivation the experts might have had to interpret the evidence in a manner favorable to their own clients (Cole, 2005) .
One such case was the Brandon Mayfield case, in which a Muslim attorney in Oregon was arrested and held for 2 weeks as a material witness in the 2004 Madrid terrorist bombing, on the basis of an erroneous match between his fingerprint and one found at the crime scene. This high-profile identification error undermined the claim that only "incompetent" practitioners make errors, because it involved the prestigious FBI latent fingerprint laboratory. The case is particularly suggestive because, not only did the initial FBI examiner make an erroneous attribution, but at least two additional FBI examiners assigned to check that examiner's work corroborated and verified the erroneous identification. And, after that, a highly regarded independent examiner appointed by the court to examine the evidence on behalf of Mayfield's defense also concluded that Mayfield was the source of the print. After Mayfield had spent 2 weeks in jail, the Spanish National Police matched the fingerprint to an Algerian national, Ouhnane Daoud. Subsequently, the FBI released Mayfield, apologized, and gave him $2,000,000 in a compensation settlement.
Of course, one possible reason that so many different experts reproduced the same error might be attributed to the stimuli themselves-for example, the prints were extremely similar. A report by the U.S. Justice Department's Office of the Inspector General (OIG) posits such an explanation, claiming that the similarity of Mayfield's and Daoud's friction ridge skin (the skin that produces finger, palm, and sole prints) was "an extremely unusual event" (Fine, 2006) . However, the Madrid bomber print was searched against several large databases of prints, using automated fingerprint identification systems (AFISs). An AFIS produces a list of candidates that is then examined However, expert judgments that are sincere but nevertheless incorrect are a different story (Giannelli, 1997 (Giannelli, , 2006 . Bias and other cognitive influences unconsciously affect hard-working, honest, and dedicated forensic experts, thus creeping in without the experts' awareness. This is a difficult and interesting problem, with generalizability across domains.
Errors committed by well-intentioned experts are more problematic and dangerous for at least three reasons.
(1) Cognitive biases affect all examiners, not just "bad apples" (Thompson, 2008) , and thus have a potential to impact forensic judgments across the board and to be relatively widespread. (2) Erroneous judgments of forensic experts are all the more persuasive in the legal context because the examiners believe them themselves. Even more than an honestly mistaken eyewitness, an honestly mistaken expert is the least culpable and thus, potentially, the most dangerous kind of witness that can testify in a legal proceeding. (3) Many individual examiners-and more worrisome, many forensic professional bodies (both in the U.S. and in Europe)-have been reluctant and resistant to acknowledge, accept, and take proper action to counter these biases. Risinger, Saks, Thompson, and Rosenthal (2002) contended that forensic science, as a practice, has historically dismissed cognitive bias by conceptualizing it as an ethical issue, to be overcome by moral discipline, rather than as an inherent cognitive issue, to be managed by bias-minimizing actions. This is especially of concern because evidentiary independence can be corrupted; Hasel and Kassin (2009) illustrated how forensic evidence and confession to crimes can be interlinked and interdependent.
A recent National Academy of Sciences report on forensic science (National Academy of Sciences, 2009) concluded that a body of research is required to establish the limits and measures of performance and to address the impact of sources of variability and potential bias. Such research is sorely needed, but it seems to be lacking in most of the forensic disciplines that rely on subjective assessments of matching characteristics. These disciplines need to develop rigorous protocols to guide these subjective interpretations and pursue equally rigorous research and evaluation programs. The development of such research programs can benefit significantly from other areas, notably from the large body of research on the evaluation of observer performance in diagnostic medicine and from the findings of cognitive psychology on the potential for bias and error in human observers. (p. 8) In this article, we review the current knowledge of and research into forensic decision making and highlight the interesting cognitive issues to be researched, with an emphasis on latent fingerprint identification. Such research will have important implications not only for forensic disciplines, but also for other domains that rely on expert visual perception and interpretation. This area provides a great opportunity to research perception and cognitive ducted only in the past few years (an exception is a study on microscopic hair comparison [Miller, 1987] ). The few existing studies provide a mixed picture, with conflicting findings as to whether bias affects forensic experts or not (see, e.g., Hall & Player, 2008 , who claimed that bias has no effect on forensic experts' decisions; for a rebuttal, see Dror, 2009; Saks, 2009) . Latent print identification has been the main focus of forensic decision-making studies, because it has provided a stimulus-rich opportunity for research and because it is reputed to be among the most accurate and objective of the forensic disciplines.
If expert latent fingerprint examiners can be biased, then so, presumably, can firearm and toolmark examiners, shoe print examiners, bite mark examiners, document examiners, ear print examiners, and all the other forensic experts who heavily rely on human perception and judgment. In fact, one of the reasons researchers chose to investigate this forensic discipline was because of its long-standing reputation for accuracy and objectivity (Leo, 2001 ). If bias is present in this domain, we can quite confidently assume that it is present to the same degree, if not more so, in the other, less established domains. Even the robust and newer forensic domain of DNA profiling is susceptible to biased interpretation (Thompson, 2006) .
Research studies into forensic decision making have varied along a number of dimensions. For example, some have defined error only as false alarms (incorrect identifications) and have not regarded misses (incorrect exclusions or insufficiency) as error, whereas other studies have regarded both as error. Some studies have been conducted by cognitive psychologists and academics (e.g., Vokey et al., 2009 ), whereas others have been conducted by the forensic examiners themselves (e.g., Hall & Player, 2008; see Risinger & Saks, 2003 , for the dangers and pitfalls of conducting law-enforcement-sponsored research). In addition, practitioner-led research is potentially problematic in that there may be conflict of interest, pressures, and "role ambiguity," all deriving from the fact that the practitioners are both researchers and participants (Cole, 2008) .
Another important difference in the research studies has been the use of different participant groups. Some studies have used general university students (mainly psychology), and some have specifically used trained forensic students. Other studies have used actual forensic experts; however, some studies used experts during covert data collection while the experts were doing routine casework and were not aware they were being studied, whereas some studies used experts who knew they were being tested.We review the literature by participant group because it captures two important elements in studying forensic expert decision making; the first is level of expertise (general students, forensic students, and experts), and the second is ecological validity (testing experts in experiments vs. covertly collecting data during real casework).
Studies in which students (general university students) were used. A recent study utilizing signal detection theory (SDT) reported three experiments whose aim was to examine the extent to which people can correctly by a human expert. But since the AFIS examines millions of prints, it is not a surprise that similar look-alike prints are found by the mere scope of the search (Cole, 2005; Dror & Mnookin, 2010; Dror et al., 2005) . The similarity makes it easier for cognitive biases to take over and affect the identification decisions. As the bottom-up data become more challenging (e.g., because of coincidental similarity or other reasons, such as low quality and/or quantity of the data), top-down cognitive influences have more leeway to influence the identification process. In scenarios such as this, computer searches combined with cognitive bias may prove to be a pernicious mix.
The Mayfield case shows that second, third, and even defense experts may be influenced by the knowledge that another examiner has already concluded that two fingerprints come from the same source. Thus, subsequent examinations may be biased by the initial examination. An internal FBI report concluded that this was, indeed, the case and recommended that verifications be performed "blind" in "designated cases" (whatever those are; Stacey, 2004) .
But as important, if not more important, is that the initial examination may also be biased. As the OIG report details, the FBI examiners reached their erroneous conclusions despite seemingly clear (with the benefit of hindsight bias, of course; Berlin, 2000; Harley, Carlsen, & Loftus, 2004 ) discrepancies between the crime scene print and Mayfield's. This happened because the expert examiners posited ad hoc explanations for the discrepancies (e.g., the discrepancies were "noise" because they derived from another fingerprint that was laid down previously on the same surface by another individual). In other words, they explained away and dismissed the discrepancies (which otherwise would not have permitted an identification). The reason they did not see the data for what they were was that they were already convinced that Mayfield was the source of the print, and this biased their perception and judgment of the actual data.
There are other interesting cases of erroneous judgment. Take, for example, the case of detective Shirley McKie from Scotland. In this case, a print left at a murder scene was identified as that of Shirley McKie, and after this identification was further verified by other experts, she was arrested. However, she contested the identification all along, and indeed many leading international fingerprint experts have categorically rejected that it is her print. Eventually, she received an apology for the erroneous identification and was awarded £750,000 in a compensation settlement (Association of Chief Police Officers in Scotland, 2000; Justice 1 Committee, Scottish Parliament, 2007; McKie & Russell, 2007) . What is interesting about this case is that the print continues to be disputed. The issues of cognitive bias and psychological influences have been raised by both sides as a contributing factor to the errors of their opponents.
Research Studies
There has been just a handful of research studies into forensic decision making, most of which have been con-ence the analysis stage. They found that neither had an effect on the analysis of the prints.
Studies in which forensic experts who knew that they were being tested were used. An error rate of 1.041% was observed with experienced latent print examiners (Wertheim, Langenburg, & Moenssens, 2006) . However, almost all the errors (1.007% of the 1.041% total error) were classified by the authors as clerical mistakes, and only 0.034% of errors were classified as and attributed to erroneous identification judgments. Cole (2006) questioned the classification of the clerical errors, and Vokey et al. (2009) characterized this study as "quite flawed," because "among other things, it lacked distractor test prints, so false positives could not be assessed" (p. 1024).
In another study, 43 expert examiners were given a set of six comparisons (Langenburg, Champod, & Wertheim, 2009 ). The participants were randomly assigned to one of three experimental conditions: a control group; a lowcontext group, which received, along with the prints, the conclusion reached by another examiner; and a highcontext group, which received, along with the prints, the conclusion reached by an internationally respected and recognized expert. The study examined whether the contexts would affect the examiners' decisions. They also included a second control group of novices. The findings showed that the context did bias all the participants but that its effects were more noticeable for the novices than for the experts. Furthermore, the experts were more affected in the direction of inconclusive and exclusion, and less in the direction of identification.
A study of 70 fingerprint experts examined emotional effects (Hall & Player, 2008) . Some participants were told that the fingerprints were related to forgery (the lowemotional-context condition), whereas other participants were told that they were related to murder (the highemotional-context condition). The authors concluded that the emotional context did not have an effect on the final decisions reached by the examiners. However, many of the participants in the study did not even read the context scenario and, thus, could not have been affected by it (13 participants, 19% of the entire participant pool); nevertheless, the data from these participants were included in analyzing the effect of the scenario context (see Dror, 2009; Saks, 2009 ). Furthermore, although Hall and Player concluded that there was no effect of emotional context in their study, the experts taking part in the study reported that "the severity of the case had an effect on their analysis" (Hall & Player, 2008, p. 38 ). This contextual effect is further established and reflected by the fact that the magnitude of the effect was a function of the level of the emotional context: 52% of the examiners in the high-emotional-context condition said that they were affected by the context, but only 6% of the examiners in the low-emotional-context condition said that the context affected them.
Emotional and motivational factors have also been examined in a qualitative study (Charlton, Fraser-Mackenzie, & Dror, 2010) . In this study, the emotions of the examiners determine the source of fingerprints (Vokey et al., 2009 ). The results of psychophysics testing showed that participants (nonexpert, not even forensic students) could perform at levels characterized by Vokey et al. as "quite well"; however, performance varied as a function of similarity and the specific finger in question. The early call for the application of SDT to the study of forensics (Phillips, Saks, & Peterson, 2001 ) had never been systematically followed up until the Vokey et al. study.
To study whether emotional context can affect judgment on fingerprints, Dror et al. (2005) presented pairs of prints to psychology student participants, who were required to decide whether or not the two prints originated from the same source. The participants (N 27) received 96 pairs of prints (48 of them were clearly from the same source or clearly not from the same source, and 48 were ambiguous). Before presenting the fingerprints, some participants were briefed about the background of the case. Half of the briefed participants were given a low-emotional context (i.e., the prints were lifted off stolen property), whereas the other briefed participants were given a high-emotional context (i.e., the prints were lifted off a weapon used in a brutal and unprovoked attack). Horrific photos from crime scenes were used to support the high-emotionalcontext experimental condition.
The results showed that when the stimuli were clear, the emotional context had no impact on the participants' deciding that the prints were from the same source (or not from the same source). However, when the prints were ambiguous, an identification was more likely to be made when they were presented in the high-emotional condition. Furthermore, for the ambiguous prints, in the control group that did not include any background information, 47% of the prints were judged to be from the same source. When the same prints were presented in the lowemotional context, 49% were judged to be from the same source, whereas in the high-emotional context, 58% were judged to be from the same source (for details, see Dror et al., 2005) .
Studies in which forensic science students were used. In two experiments, Schiffer and Champod (2007) evaluated how forensic science students conduct pattern analysis. During the initial stage, the examiner is supposed to examine and note only important features and characteristics of the pattern of the print, prior to any comparison with another print pattern. This is commonly referred to as the analysis stage in what latent print examiners call the ACE-V methodology (A, analysis; C, comparison; E, evaluation; and V, verification).
In the first experiment, performance was examined before and after training in fingerprint identification (Schiffer & Champod, 2007) . The finding showed that, posttraining, participants noticed more characteristics (minutiae) and there was higher consensus among the participants. In their second experiment, Schiffer and Champod investigated whether the amount of minutiae detected would be influenced when the comparison print was present and whether low-and high-emotional-context backgrounds (petty burglary vs. terrorism) would influ-to isolate variables, using the experts as their own control, and avoiding between-experts individual differences (Byrne & Eysenck, 1993) .
A follow-up study ) with a different and larger sample replicated and expanded the previous study. The next study used 48 pairs of fingerprints and showed that expert fingerprint examiners could be biased in both directions (toward individualization as well as toward exclusion). Furthermore, this study established that bias can be induced by more ordinary contextual information (such as "the suspect confessed to the crime" or "the suspect has an alibi"); for discussions on the presumption of evidentiary independence and the contamination of one form of evidence by another, see Castelle and Loftus (2001) , Hasel and Kassin (2009) , and Loftus and Cole (2004) . Finally, this study also demonstrated that although bias is more likely to occur with difficult and similar prints, it can also occur in less challenging cases. Dror and Rosenthal (2008) combined the data collected from and and subjected it to meta-analysis, so as to quantify the reliability and biasability of fingerprint experts' decision making.
Summary and Conclusions
Many disciplines in forensic science rely on examining partial and distorted trace evidence left at a crime scene. These visual patterns-be they tire marks, shoe prints, or bite marks (to name just a few)-are compared with target patterns from potential suspects. A number of studies have examined how well forensic experts from the established and most commonly used discipline of fingerprinting examine different visual patterns. Fingerprint identification relies on the ability of human examiners to make correct visual judgments. For the most part, matching fingerprints that are complete and of high clarity may well be a straightforward pattern-matching task. However, it can become quite complex and interesting when the comparison is made to a partial and distorted print (e.g., latent prints collected from a crime scene). In such cases, patterns do not match easily, and the expert examiner needs to determine whether they are sufficiently similar to conclude that both print patterns originated from the same source.
Research shows that various factors affect the perception and comparison of fingerprint patterns and that judgments and decisions are subjective and susceptible to influences. Across studies, it seems that extraneous information, such as emotional context, expectation, and motivation, affects decision making. In fact, studies have shown that the same expert examiners, examining the same prints but within different contexts, may reach different and contradictory decisions. However, some examiners seem more susceptible to such influences than do others. Furthermore, all examiners are influenced more by context and other extraneous information when the pattern matching is objectively "hard to call" and when they are not aware that they are taking part in an experimental study.
It is clear that experts in forensic identification have special abilities and cognitive processes specializing in pattern recognition but that these processes are also vulthemselves and their motivations were explored. The findings showed general positive emotional effects associated with matching fingerprints and fear of making errors, and specific satisfaction related to catching criminals, which was most notable in solving high-profile, serious, or longrunning cases.
Studies in which covert data collection of forensic experts working real cases was used. Collecting experimental data from experts is important in terms of ecological validity. However, even in field collection, data can be problematic, because the behavior of people is often affected under experimental conditions, or even when they are just observed. This is further and significantly exacerbated when the topic of study is expert performance. In such studies, experts are motivated to do well, and thus their attention and performance are not reflective of their routine performance during ordinary day-to-day work. Furthermore, the study of error is an especially problematic and sensitive issue to investigate, and any data collection must, therefore, not reveal the purpose of the study. Thus, for ecological validity, this line of experiments was done covertly, collecting data from fingerprint experts during their routine day-to-day work.
Only two empirical field studies of this sort have been conducted Dror, Charlton, & Péron, 2006; see Dror & Rosenthal, 2008 , for their metaanalysis). The first study used the Mayfield case to provide a context that suggested that two similar prints were not from the same source. Five experienced expert latent print examiners, who at the time of the study had not seen the actual Mayfield prints, were used in the data collection. These experts were presented with a pair of prints that allegedly were those of Mayfield and the latent print of the Madrid bomber (thus giving them strong contextual cues that, although these prints looked alike, they were, in fact, from different sources). The fingerprint examiners were asked to analyze the prints and to focus on the actual prints while ignoring the context (that the prints were from the Mayfield case). However, rather than the Mayfield prints being presented, unbeknownst to the experts, they were actually presented with a pair of prints that they themselves had previously examined years ago in real criminal cases and had determined to be from the same sourcethat is, an identification. The materials were exactly the same as those they had analyzed in the past, except that the context was repackaged so as to suggest that the prints were not from the same source.
In this study, 4 of the 5 expert examiners contradicted their original conclusions. Three of them changed from identification to exclusion-consistent with the contextually biasing information. One of them changed from identification to inconclusive. Only 1 stuck to the original response . Thus, most of the expert fingerprint examiners made decisions on the basis of the context, rather than on the basis of the actual information contained in the print. The experimental manipulation in this study enabled the researchers to scientifically assess within-expert performance. Thus, comparing experts with themselves under different conditions allows researchers nerable to error (Busey & Dror, in press; Dror, in press ). Forensic pattern recognition comprises issues in visual cognition, expertise, and decision making-par excellence, subject matters within the domain of cognitive science. Nevertheless, there has been only a handful of studies in this area, most of which have taken place only in the past few years. These studies have only begun to unravel the perceptual and cognitive processes involved in forensic pattern recognition. This area calls for additional research that will benefit the understanding of expert performance, as well as provide scientific insights into the real world of forensic identification.
